Arguably, the most dramatic geochemical distinction between the Earth and Moon has been the virtual lack of water (hydrogen) in the latter. This conclusion was recently challenged on the basis of geochemical data for lunar materials that suggest that the water content of the Moon might be far higher than previously believed. We have measured the Cl isotope composition of Apollo basalts and find that the range of isotopic values (from -1 to +24‰ vs. SMOC) is 25 times greater than for Earth. The huge isotopic spread is explained by volatilization of metal halides during basalt eruption, a process that could only occur if the Moon had H concentration ~10 4 to 10 5
lower than Earth, implicating that the lunar interior is essentially anhydrous.
The origin of the Moon is constrained by geophysical models of angular momentum, density and mass, and geochemical arguments based on chemical and isotopic similarities and differences between the Earth and Moon. It is now generally accepted that the Moon was formed from the impact of a Mars-sized body sometime after formation of Earth's core (1, 2) , although a number of observations have not been adequately explained. Geodynamic models indicate that the impactor came from a different region of our solar system and that the bulk of the Moon originated from the impactor rather than Earth (3). This result is at odds with geochemical data, particularly with the fact that Earth and Moon have identical oxygen and chromium isotope ratios (4, 5) . If the two bodies came from different regions of our solar system, it is expected that they would have different isotope ratios (6) . Turbulent mixing between the molten Earth and Moon immediately following impact has been proposed as a means of homogenization (6) , but such intense mixing would also tend to homogenize volatiles between the two bodies. The recognition that the Moon is strongly depleted in volatile elements and is effectively anhydrous was established soon after the return of Apollo samples (7, 8) . The absence of hydrogen in the Moon may be explained by having an anhydrous impactor (9) , by exclusion of water in the Moon due to low water solubility in molten silicate at high temperature and low p(H 2 O) (10), or if both the Earth and Moon were anhydrous during formation, and volatiles were delivered to the Earth at a later date (11) .
Recently, it has been proposed that the water content of the Moon may be far higher than previously recognized. Saal et al. (12) measured water contents of lunar glass beads and concluded that the water content of the Moon may be equivalent to typical terrestrial Mid Ocean Ridge Basalts (MORBs). Similar high water contents of lunar basalts have been estimated from H-contents of apatite grains (13) (14) (15) . Here we present Cl isotope data from lunar basalts, volcanic glasses and apatite grains to assess the water content of the Moon. Cl is extremely hydrophilic, tracking closely with water on Earth (16) . It is also incompatible in nearly all silicates and extremely volatile. If the Moon were anhydrous, unique degassing and partition behavior of Cl should lead to significant Cl isotope fractionations that are distinct from those observed on Earth.
We determined Cl isotope ratios and concentrations of water-soluble leachates and silicate residues from lunar basalts and glasses using gas source mass spectrometry. A wide range of sample types were chosen to allow us to assess the effects of chemical composition/mineralogy and surface processing. In situ analyses were made on apatite grains using the Cameca 1270 ion microprobe at U.C.L.A. In order to assess the potential effect of solar wind on the Cl isotope ratio of the lunar regolith and soils, a thin film of NaCl was irradiated with a 100 keV proton beam at the Ion Beam Materials Laboratory, Los Alamos National Laboratory. The irradiated sample was analyzed for its Cl isotope composition. Detailed analytical methods and sample descriptions are given in Supp. Materials.
The Cl isotope compositions of typical terrestrial materials and meteorites are clustered around 0‰ (17) or -1.6‰ (18) The Chlorine Isotope Composition of the Moon and Implications for an Anhydrous Mantle with a spread of ±0.5‰ (Fig. 1) . Large variations in δ 37 Cl values are seen only in the specific case where HCl gas is evolved from volcanic fumaroles (16) . The enrichment of 37 Cl in the vapor is due to the large isotopic fractionation between the solvated Cl -ion in an aqueous solution and HCl gas.
In contrast to terrestrial basalts, lunar samples show a range of δ 37 Cl values from -1 to +24‰ (Fig. 1) . The large spread is indicative of conditions that do not exist on Earth. We consider three possible explanations for the large spread: 1) initial heterogeneities retained from the Moon-forming event; 2) isotopic fractionation associated with solar wind and micrometeorite bombardment; and 3) devolatilization and isotopic fractionation specific to the anhydrous character of lunar basalts. The first of these possibilities is unlikely. Volatilization and fractionation could certainly occur during accretion of the Moon with preferential loss of the light isotope during volatile escape to space. However, maintaining such large isotopic variations in a system that was certainly molten and went through a magma ocean stage (19) would not be expected and has not been observed for other volatile elements, such as K (20) .
The second scenario is similarly unlikely. Because micrometeorite bombardment and solar wind sputtering can preferentially remove the light isotopes of volatile elements, we chose samples that have experienced both minimum and maximum degrees of surface processing (Table 1) Cl (silicate-vapor) value from samples 64501,232 (α = 0.990) and 61220,39 (α = 0.992). Actual fractionations less than those computed from relative mass differences have been observed experimentally (28) and are expected when diffusion rates are insufficient to maintain isotopic homogeneity in the melt. Nevertheless, the lighter isotope diffuses faster through the melt, so that fractionation during volatilization will still occur. Volatilization can only increase the δ 37 Cl value of the residual Cl in the melt. The lowest value of all samples is -0.7‰, measured on leachates of a fire-fountain glass (74002). This value is similar to bulk Earth and meteorite samples (17) and may be slightly lighter than bulk Moon because it is a vapor condensate sample and is likely the product of some fractionation. This sample is also anomalously volatile rich and is the only sample that has significant hydrogen {Saal, 2008 #13}. As a result, the volatile Cl species could have been HCl, and little fractionation during degassing would be expected. Mare basalt 12040,214 has both δ
37
Cl and δ
34
S values of 0‰, suggesting minor fractionation during degassing. We conclude that the undifferentiated Moon appears to have a δ 37 Cl value close to 0‰, similar to Earth.
Initial Cl contents were calculated assuming Rayleigh distillation and an initial δ 37 Cl value of 0‰ (see Suppl.
Material). The amount of Cl vapor loss necessary to reach a 37
Cl enrichment equivalent to a δ
37
Cl value of +20‰ ranges from 63% to 98% for an assumed initial δ 37 Cl value of 0‰ and α between 0.983 and 0.992, respectively (Fig. 2) . These are minimum degrees of degassing because diffusion-limited exchange will cause a reduction in the fractionation between melt and vapor. The calculated Cl contents of the undegassed basalts (and apatite grains for the ion microprobe analyses) have a positive correlation with the δ 37 Cl values (Table 1) . It is reasonable that samples with high initial Cl contents would lose proportionally more Cl than Cl-poor ones, and therefore evolve to higher δ 37 Cl values.
The H contents of lunar magmas must have been substantially lower than their Cl contents, or else HCl (g) rather than metal chlorides would have been the volatilizing species, and no isotopic fractionation would have occurred. Excepting one pigeonite basalt sample, the calculated initial Cl concentrations of three undifferentiated lunar basalts are all close to 40 ppm (Table 1) . Cl volatilization is only expected to have occurred after 90-95% crystallization has taken place (14) , concentrating Cl in the remaining liquid. Primitive melts therefore had Cl concentrations at least ten times less, approximately 4 ppm. Finally, primitive melts generated in the mantle should be concentrated in incompatible elements relative to bulk lunar mantle by a factor ~10 (29) , so that the lunar mantle should have a Cl concentration of ~400 ppb, with H contents around 10 ppb (given that the a.m.u. ratio Cl/H = 35.45/1.01), compared to the bulk Earth of ~260 ppm (30) . (See Supp. Materials for details).
Isotopic anomalies in lunar samples have been seen in other elemental systems, but never with the extreme variations observed for the Cl isotopes. What makes Cl unique is its hydrophilic affinity and high volatility compared to all other isotopic systems studied in lunar samples. It is therefore an extremely sensitive indicator of H contents. If lunar basalts had initial H contents anywhere close to terrestrial magmas (e.g., MORB), then the extreme fractionations observed in the lunar materials would not have occurred. We suggest that the Moon was anhydrous as initially proposed (7), and that the high H contents calculated for some lunar samples are atypical. High H contents are only found in anomalous samples with extreme volatile contents, and are likely the product of igneous processes that resulted in extreme volatile enrichment. In contrast to other samples, they have δ
Cl values close to 0‰ and are inconsistent with the high and variable δ
Cl values reported for the majority of lunar samples. 
